Introduction {#sec1_1}
============

Contrast is a physical variable that can be defined as the specific difference between the luminosities (luminous intensities) of 2 adjacent points \[[@B1]\]. Contrast vision is described as the ability of the eye to distinguish and interpret different luminosity areas as separate points. Contrast sensitivity is the smallest possible difference in object luminosity that can be differentiated by the eye \[[@B2],[@B3]\]. Luminosity is used to describe the amount of light reflected from the surface and perceived by the eye \[[@B4]\].

Contrast sensitivity is a function of the inner retinal layers that depends directly on the cones \[[@B5]\]. Functionally, contrast vision is related to stimulation of 'on-off' receptive fields belonging to retinal ganglion cells. The location and size of these fields determine the light sensitivity and contrast resolution of vision \[[@B6]\]. A small, isolated receptive field, where a single retinal ganglion cell is connected with a single photoreceptor, is characterized by high-contrast resolution but a low sensitivity to stimuli, as observed in the central retina \[[@B6],[@B7]\]. The system of big receptive fields, where a single retinal ganglion cell is connected with many photoreceptors, and the receptive fields of neighboring retinal ganglion cells overlap, is characterized by low-contrast resolution with a high sensitivity to stimulus and is present mostly in the peripheral retina \[[@B6],[@B7]\]. Contrast sensitivity is the second variable, after visual acuity, that describes the minimal resolution ability of the eye. Visual acuity measures the eye\'s spatial resolution for highly contrasted objects, while contrast sensitivity measures the minimum luminosity difference between these objects \[[@B1],[@B8]\]. The state of contrast vision depends on retinal neuron function as well as on the eye\'s optic media transparency. Decreased contrast sensitivity can be a sign of pathologies that involve the retina or the optic media of the eye, such as amblyopia, cataract, glaucoma, or diabetic retinopathy \[[@B9],[@B10],[@B11],[@B12],[@B13]\]. Reduced contrast sensitivity can also appear as a side effect of corneal refractive surgery procedures \[[@B14]\]. It has been reported that the evaluation of contrast sensitivity might serve as a screening procedure for glaucoma \[[@B10]\]. Furthermore, some neuroophthalmological diseases that do not influence visual acuity directly can be detected by examining retinal contrast sensitivity, such as in sclerosis multiplex or some neoplasms \[[@B15]\].

In this study, we evaluated the influence of luminosity on contrast sensitivity in healthy and myopic eyes as well as in eyes with cataract simulation.

Materials and Methods {#sec1_2}
=====================

This study was approved by the Institutional Ethical Scientific Committee and based on the Declaration of Helsinki. Written informed consent was obtained from each participant after explaining the purpose of this study.

Study Groups {#sec2_1}
------------

The study was conducted on 90 eyes (45 persons, age range 23--26 years) divided into 3 groups (15 persons each) as follows: 30 healthy eyes, 30 myopic eyes (refractive error ranged between −1.0 and −7.0 D), and 30 eyes with cataract simulation (with translucent glasses). The inclusion criteria were: for the healthy group, a spherical refractive error between −1.0 and +1.0 D, astigmatism of less than 0.5 D, decimal visual acuity without correction, V = 1.0 (based on the 5-meter Snellen chart) and Sn = 0.5 (based on the 0.5-meter Snellen chart); for the cataract group, a spherical refractive error between −1.0 and +1.0 D, astigmatism of less than 0.5 D, decimal visual acuity without correction, V = 1.0 (without translucent glasses, based on the 5-meter Snellen chart) and Sn = 0.5 (with and without translucent glasses, based on the 0.5-meter Snellen chart), and for the myopia group, a spherical refractive error greater than −1.0 D, astigmatism of less than 0.5 D, best corrected decimal visual acuity, V = 1.0 (based on the 5-meter Snellen chart) and Sn = 0.5 (based on the 0.5-meter Snellen chart). To reduce possible bias and deviations within groups, this study was conducted on groups of matched age, visual acuity, and optic media transparency. To achieve this last goal, we introduced uniform cataract simulation with translucent glasses instead of recruiting cataract patients, since lens opacity in cataracts and the accompanying changes in the eye, related to the age of the cataract patient, tend to vary.

Materials {#sec2_2}
---------

This study was based on the sine wave contrast test using a VCTS 6000 (Stereo Optical, Dayton, Ohio, USA). The test consisted of 45 sine wave patches ordered in 5 rows and 8 columns. In rows A-E, optotypes were sorted by increasing spatial frequency \[1.5, 3.0, 6.0, 12.0, and 18.0 cycles per degree (cpd)\] into columns numbered 1--8 by decreasing contrast. The test chart was illuminated using a light source of 1 out of 4 different intensities corresponding to fixed chart luminosities (1--4): 34, 68, 154, and 240 cd/m^2^, set with the light meter (Stereo Optical). Cataract was simulated by using diffusing translucent glasses of equal transparency (Stereo Optical) (fig. [1](#F1){ref-type="fig"}).

Study Design {#sec2_3}
------------

The study participants were first examined for noncorrected (healthy and cataract groups) or best corrected (myopia group) 5- and 0.5-meter visual acuity and the tests were performed in a well-lit room. Participants were examined next using the sine wave contrast test of increasing light intensity after 10 min of dark adaptation, separately for each eye, for a fixed distance from the test of 46 cm. After measurements, values of contrast sensitivity were decoded based on the key and expressed as linear contrast sensitivity (fig. [2](#F2){ref-type="fig"}).

Statistical Analysis {#sec2_4}
--------------------

A statistical analysis was performed using IBM SPSS Statistics 20 (IBM, Armonk, N.Y., USA) and MedCalc 12.3.0 (MedCalc Software, Ostend, Belgium). Descriptive statistical results are presented as means ± SD. The Kolmogorov-Smirnov test was used to evaluate whether the data were normally distributed. Data were compared using the paired-samples Wilcoxon test, the Kruskal-Wallis test, or the Mann-Whitney U test. p \< 0.05 was considered statistically significant.

Results {#sec1_3}
=======

Differences between Groups {#sec2_5}
--------------------------

Compared to other groups, eyes with cataract simulation had up to 4 times lower mean values of contrast sensitivity (ranging between 15.7 ± 7 and 28.8 ± 13, when for healthy and myopic eyes they ranged from 59.4 ± 11 to 80.3 ± 19 and from 52.1 ± 13 to 75.3 ± 18, respectively) according to luminosities and optotype frequencies (table [1](#T1){ref-type="table"}; fig. [3](#F3){ref-type="fig"}). There was a 3-sided significant difference between healthy, cataract, and myopic eyes for mean linear contrast sensitivity values depending on the optotype frequency and luminosity (p \< 0.05, Kruskal-Wallis test). Two-sided analysis revealed a significant difference between mean contrast sensitivity values for all optotype frequencies as well as all luminosities in healthy versus cataract and myopic versus cataract eyes (p \< 0.05, Mann-Whitney U test). Analysis of differences between myopic and healthy eyes showed slightly decreased mean values of contrast sensitivity, significant only for the lowest luminosity (i.e. 1) and the biggest optotype bars (A1, p \< 0.05, Mann-Whitney U test).

Differences within Groups {#sec2_6}
-------------------------

The optotype with a spatial frequency of 3.0 cpd provided the best (but still not optimal) contrast sensitivity in eyes with cataract, while healthy and myopic eyes reached the best results for optotype with a spatial frequency of 6.0 cpd (fig. [4a-c](#F4){ref-type="fig"}). The increase in light intensity had a positive effect on the average contrast sensitivities in the examined eyes, except for eyes with cataract, where the maximum light intensity did not improve the contrast sensitivity and worsened it for optotypes with lower frequencies (1.5, 3.0, and 6.0 cpd) (fig. [3a](#F3){ref-type="fig"}, [4c](#F4){ref-type="fig"}; table [2](#T2){ref-type="table"}).

Contrast Vision Defects {#sec2_7}
-----------------------

Healthy eyes tended to have slightly better values of contrast sensitivity than myopic ones; however, there was a very small difference between these 2 groups, especially for high spatial frequencies (12.0 and 18.0 cpd), where the reverse relation was observed for optotype E (18.0 cpd) with the lowest luminosity, i.e. 1 (the E1 contrast sensitivity for myopic eyes was higher than for healthy ones: 8.9 ± 2 and 7.9 ± 2, respectively; table [1](#T1){ref-type="table"}). In healthy and myopic eyes, increased light intensity did not result in contrast sensitivity improvement for A (1.5 cpd) or B (3.0 cpd) optotype frequencies and showed clear improvement for C-E (6.0--18.0 cpd) optotypes. For cataract eyes, no optimal light intensity was found that could ensure a mean contrast sensitivity within the normal limits. In the single frequency analysis, increased luminosity (i.e. 3) allowed vision to reach the lower normative limit of contrast sensitivity (first row in table [1](#T1){ref-type="table"}) for optotypes A and B in cataract eyes; however, further increasing the luminosity (i.e. to 4) did not improve contrast vision. This relation was absent for optotypes C-E (6.0--18.0 cpd), where none of the luminosities improved vision enough to reach optimal contrast sensitivity values (table [1](#T1){ref-type="table"}). Contrast vision defects were described as the percentage of out-of-limits results for each light intensity. Even a single result beyond the norm for a single light intensity was classified as a visual defect. In this analysis, all of the examined cataract eyes showed visual defects. For the lowest light intensity, myopic eyes showed fewer deficits than healthy eyes, and this was reversed for higher intensities (fig. [5](#F5){ref-type="fig"}).

Luminosity, as an Environmental Factor, Depends on Applied Light Sources {#sec2_8}
------------------------------------------------------------------------

Based on our measurements, most of the daily used in-door light sources, including diffuse daylight, do not provide illumination that ensures optimal vision, which ranges between 68 and 240 cd/m^2^. For reading purposes, only short-distance, direct illumination of the surface results in optimal vision conditions (fig. [6](#F6){ref-type="fig"}).

Discussion {#sec1_4}
==========

Our study revealed that cataract eyes required a different method to improve their contrast sensitivity than eyes with preserved optic media transparency. The increase in light intensity had a positive effect on the average contrast sensitivity in emmetropic and myopic eyes but not in eyes with cataract, where the maximum light intensity did not improve contrast sensitivity and could even worsen it for 3 of the 5 examined spatial frequencies. This observation could be a basis for the practical usefulness of our results. For healthy and myopic eyes, all of the applied luminosities ensured contrast sensitivities within the optimal limits. Large optotypes remained out of the influence of light intensity, but contrast vision for small optotypes was clearly improved after more intense light was used. Based on this, contrast sensitivity and therefore the quality of vision could be improved by applying increased object luminosity (light intensity) for emmetropic and myopic eyes. For eyes with cataracts, the reasoning is different. In contrast to other groups, submaximal luminosity (intensity 3, i.e. 154 cd/m^2^) worked better than the strongest light, which did not cause vision improvement. Large optotypes (A and B) were characterized by satisfying contrast sensitivities, which together with optimal light intensity yielded values just above the lower limit of normal. For small optotypes, although there was a slight improvement in contrast vision depending on increased light intensity up to the submaximal value (i.e. 3), contrast sensitivities remained below the limit for optimal vision. The above course of thinking allows generalization of the fact that, for cataract eyes, the size of observed objects and their contrast ensure a better quality of vision than higher luminosity alone, which can yield the slight improvement observed in examination charts; however, this does not provide good enough visual quality.

It has been reported that visual acuity is an insufficient tool in ophthalmic diagnostics, and contrast sensitivity measurement might serve as an additional diagnostic method in healthy eyes as well as in various ophthalmic diseases \[[@B16],[@B17],[@B18]\]. Contrast vision depends on many anatomical factors, such as the opacity of the ocular optic media, the functional state of the retina and the optic nerve, and environmental factors, primarily light intensity and the resolution of the observed images \[[@B8]\]. In our study, due to the reduced transparency of the optic media in simulated cataract, contrast sensitivity had the lowest values among all of the studied groups, similar to the results of previous studies \[[@B19],[@B20]\]. Changes that were observed in the cataract simulation eyes (decreased contrast sensitivity to mostly high spatial frequencies of optotypes), according to other authors\' studies, could be interpreted as cortical cataract equivalent since this type of cataract is a cause of similar cataract vision defects \[[@B8]\]. Although the myopic eyes in our study had slightly worse values of contrast sensitivity than the healthy eyes, the percentage of contrast vision loss for the lowest light intensity was lower than in healthy eyes, similar to previously reported findings \[[@B21]\]. A plausible explanation for this situation could be found if myopia is considered a complex disease that involves not only refractive error but also secondary retinal changes, different pupil sizes, and correction-related amblyopia \[[@B8],[@B22]\].

The findings of this study indicate a need to focus on further analyses of the conditions that should be created to improve the visual quality and comfort of cataract patients. Conditions of submaximal light intensity, which were revealed to be the best for contrast sensitivity improvement, can be created by direct illumination of the reading surface with a 25-watt light source from a short distance, e.g. a desk lamp (fig. [6](#F6){ref-type="fig"}). Since cataract is the leading cause of blindness worldwide (though reversible), it is particularly important to ensure that patients have the best quality of vision, not merely the best visual acuity. Contrast sensitivity assessment could be applied in these cases. It could be used not only as a diagnostic instrument but also to help to improve the quality of life of cataract patients and after intraocular lens implantation due to cataract surgery, since simple visual acuity measurement serves only as a quantitative examination.

Conclusions {#sec1_5}
===========

The light intensity level had a positive effect on the contrast sensitivity of the examined eyes, except for eyes with cataract simulation, where even the maximum light intensity did not improve contrast vision. This could indicate that patients with cataracts require increased contrast of text rather than brighter illumination to improve their quality of life.

![Sine wave contrast test with additional elements. **a** Sine wave contrast test chart consisting of 45 sine wave patches of known spatial frequency ordered in 8 columns and 5 rows. In rows A-E, optotypes are sorted by increasing spatial frequency in columns numbered 1--8 by decreasing contrast. **b** Light meter used to set the luminosity values: 34, 68, 154, and 240 cd/m^2^. The green area corresponds to the optimal luminous intensity range of 68--240 cd/m^2^ (color refers to the online version only). Sample presentation of 3 different luminosities measured with the light meter. **c** Cataract simulation glasses. Sine wave contrast test chart without (**d**) and with (**e**) cataract simulation glasses.](mpp-0024-0501-g01){#F1}

![Linear contrast sensitivity value interpretation. The values were decoded based on the key and marked on a contrast vision record form.](mpp-0024-0501-g02){#F2}

![**a** Mean linear contrast sensitivities for each light intensity in healthy, myopic, and cataract eyes. **b** Contrast vision record form: mean linear contrast sensitivities for each spatial frequency in healthy, myopic, and cataract eyes.](mpp-0024-0501-g03){#F3}

![Contrast sensitivity according to spatial frequency and light intensity for emmetropic (**a**), myopic (**b**), and cataract eyes (**c**).](mpp-0024-0501-g04){#F4}

![Contrast vision defects within groups.](mpp-0024-0501-g05){#F5}

![Luminosity value of the reading surface illuminated by different light sources.](mpp-0024-0501-g06){#F6}

###### 

Linear contrast sensitivity for emmetropic, myopic, and cataract eyes

                                                                                   A           B           C            D           E            Mean
  -------------------------------------------------------------------------------- ----------- ----------- ------------ ----------- ------------ ------------
  Lower reference limit of contrast sensitivity[^a^](#T1F1){ref-type="table-fn"}   35.0        44.0        70.0         15.0        7.0          34.2
  Healthy eyes (luminosity 1)                                                      80.8 ± 24   87.8 ± 12   91.3 ± 21    29.4 ± 6    7.9 ± 2      59.4 ± 11
  Healthy eyes (luminosity 2)                                                      76.3 ± 22   85.0 ± 11   123.2 ± 26   57.7 ± 17   19.3 ± 5     72.3 ± 16
  Healthy eyes (luminosity 3)                                                      81.0 ± 19   90.7 ± 28   126.1 ± 33   74.6 ± 21   27.6 ± 13    80.0 ± 23
  Healthy eyes (luminosity 4)                                                      74.2 ± 16   87.9 ± 14   129.0 ± 41   77.0 ± 20   33.6 ± 6.5   80.3 ± 19
  Myopic eyes (luminosity 1)                                                       56.5 ± 14   80.9 ± 17   84.7 ± 22    29.4 ± 11   8.9 ± 2      52.1 ± 13
  Myopic eyes (luminosity 2)                                                       67.2 ± 21   83.6 ± 13   117.0 ± 23   52.1 ± 14   19.1 ± 3     67.8 ± 15
  Myopic eyes (luminosity 3)                                                       71.8 ± 15   85.1 ± 14   117.9 ± 43   64.5 ± 22   26.0 ± 12    73.1 ± 21
  Myopic eyes (luminosity 4)                                                       67.8 ± 12   87.8 ± 15   120.0 ± 38   70.3 ± 19   30.4 ± 8     75.3 ± 18
  Cataract eyes (luminosity 1)                                                     31.2 ± 14   30.0 ± 13   16.1 ± 8     1.0 ± 0.1   0.0 ± 0.0    15.7 ± 7
  Cataract eyes (luminosity 2)                                                     35.0 ± 14   38.7 ± 16   25.2 ± 11    7.9 ± 2     0.8 ± 0.1    21.5 ± 8.6
  Cataract eyes (luminosity 3)                                                     42.3 ± 12   48.9 ± 21   38.0 ± 23    11.4 ± 6    3.2 ± 1      28.8 ± 13
  Cataract eyes (luminosity 4)                                                     41.0 ± 22   48.9 ± 23   34.3 ± 11    14.0 ± 7    5.1 ± 2      28.7 ± 13

Values are presented as means ± SD.

For healthy eyes.

###### 

Statistical analysis of differences between contrast sensitivity values depending on the applied light intensity within groups of healthy, myopic, and cataract eyes

  Resolution   p values            
  ------------ ---------- -------- --------
  A1 vs. A2    n.s.       n.s.     n.s.
  A2 vs. A3    n.s.       n.s.     \<0.05
  A3 vs. A4    n.s.       n.s.     n.s.
  B1 vs. B2    n.s.       n.s.     \<0.05
  B2 vs. B3    n.s.       n.s.     \<0.05
  B3 vs. B4    n.s.       n.s.     n.s.
  C1 vs. C2    \<0.05     \<0.05   \<0.05
  C2 vs. C3    n.s.       n.s.     \<0.05
  C3 vs. C4    n.s.       n.s.     n.s.
  D1 vs. D2    \<0.05     \<0.05   \<0.05
  D2 vs. D3    \<0.05     \<0.05   \<0.05
  D3 vs. D4    n.s.       n.s.     \<0.05
  E1 vs. E2    \<0.05     \<0.05   \<0.05
  E2 vs. E3    \<0.05     \<0.05   \<0.05
  E3 vs. E4    \<0.05     n.s.     \<0.05

A--E describe spatial frequencies, and 1--4 refer to light intensities. p \< 0.05 was considered statistically significant. n.s. = Not significant.
